Benign epilepsy with centrotemporal spikes (BECTS) is characterized by abnormal (static) functional interactions among cortical and subcortical regions, regardless of the active or chronic epileptic state. However, human brain connectivity is dynamic and associated with ongoing rhythmic activity. The dynamic functional connectivity (dFC) of the distinct striato-cortical circuitry associated with or without interictal epileptiform discharges (IEDs) are poorly understood in BECTS. Herein, we captured the pattern of dFC using sliding window correlation of putamen subregions in the BECTS (without IEDs, n 5 23; with IEDs, n 5 20) and sex-and age-matched healthy controls (HCs, n 5 28) during rest. Furthermore, we quantified dFC variability using their standard deviation. Compared with HCs and patients without IEDs, patients with IEDs exhibited excessive variability in the dorsal striatal-sensorimotor circuitry related to typical seizure semiology. By contrast, excessive stability (decreased dFC variability) was found in the ventral striatal-cognitive circuitry (p < .05, GRF corrected). In addition, correlation analysis revealed that the excessive variability in the dorsal striatal-sensorimotor circuitry was related to highly frequent IEDs (p < .05, uncorrected). Our finding of excessive variability in the dorsal striatal-sensorimotor circuitry could be an indication of increased sensitivity to regional fluctuations in the epileptogenic zone, while excessive stability in the ventral striatal-cognitive circuitry could represent compensatory mechanisms that prevent or postpone cognitive impairments in BECTS. Overall, the differentiated dynamics of the striato-cortical circuitry extend our understanding of interactions among epileptic activity, striato-cortical functional architecture, and neurocognitive processes in BECTS.
evidence that BECTS is characterized by dysfunctional cortical and subcortical circuitry, which is particularly prominent during the active epileptic state associated with interictal epileptiform discharges (IEDs) (Koelewijn et al., 2015; Li et al., 2017; Xiao et al., 2016) . The role of IEDs is gaining prominence as a hypothetical mechanism by which seizures interfere with the normative organization of oscillatory brain networks and consequently result in cognitive deficits (Gotman et al., 2005; Ibrahim et al., 2014) .
The abnormal oscillatory organization of functional networks in BECTS has been related to the pathogenesis of centrotemporal spikes.
The neural source of centrotemporal spikes is generally located in the primary sensorimotor cortices. Using resting-state functional and structural MRI measures, researchers have reported spike-related bloodoxygen-level-dependent (BOLD) (de)activation and gray matter volume abnormalities in syndrome-specific regions (Kim et al., 2015; Koelewijn et al., 2015) . Beyond the seizure onset zone, the propagation of epileptiform discharges through an underlying network can induce the secondary pathology of distal cortical regions as well as subcortical regions, contributing to neurodevelopmental and neurocognitive impairments (Garcia-Ramos et al., 2015; Lin et al., 2012; Pardoe, Berg, Archer, Fulbright, & Jackson, 2013) . Prior works focusing on the subcortical development of BECTS reported selective putamen hypertrophy among the basal ganglia structures (Garcia-Ramos et al., 2015; Lin et al., 2012) . In addition, a recent resting-state fMRI study has shown decreased connections among the motor network and fronto-striatal loop in BECTS (Luo et al., 2015) . Aberrant functional interaction between the motor cortex and language areas was also demonstrated in children with rolandic epilepsy (Besseling et al., 2013) . Taken together, these evidence highlight the role for striato-cortical circuitry and abnormal functional interactions among subcortical and cortical regions in BECTS.
Although the static functional connectivity of striatal seeds is widely used in previous studies (Gerardin et al., 2004; O'Doherty et al., 2004; Postuma and Dagher, 2006) , it may not be sufficient to fully characterize the human brain activity. Human brain connectivity is dynamic and associated with ongoing rhythmic activity, rather than stationarity, over time (Calhoun, Miller, Pearlson, & Adali, 2014; Preti, Bol- ton, Van, & Ville, 2016 ). An emerging method is dynamic FC (dFC) (Hutchison et al., 2013) , which can be investigated by measuring the variability in the strength or spatial dynamic organization of functional connectivity. Disruption of this intrinsic activity through pathologic processes, such as IEDs, may be a significant mechanism underlying cognitive dysfunction in epilepsy patients (Bai et al., 2010; Liao et al., 2014b) . A recent study based on simultaneous electroencephalography (EEG) and fMRI dynamically captured the altered neurophysiologic synchrony across different discharge periods in children with BECTS, describing the effects of IEDs on cognitive functions (Xiao et al., 2016) .
Given the growing evidence for selective putamen anomaly in BECTS (Lin et al., 2012) , we selected three putamen subregions adopted from a previous meta-analysis study (Postuma and Dagher, 2006) and conducted dFC analysis to investigate the IED-related dFC variability of distinct striato-cortical circuitry. The dorsal putamen, which mainly receives projections from the sensorimotor cortices, is believed to play an important role in motor processing. Meanwhile, the ventral putamen-dorsolateral prefrontal circuitry is involved in executive function (Di Martino et al., 2008) . Accordingly, we hypothesized that patients would exhibit differential functional alterations of striatocortical circuitry that attributed to dorsal versus ventral putamen divisions, particularly in those patients with IEDs. Specifically, patients with IEDs would show excessive dFC variability between dorsal putamen seeds and seizure origin regions, and decreased dFC variability between the ventral putamen seeds and high-level cognitive areas. Secondary Pearson's correlation analysis was performed to examine the potential relationship between the dFC variability alterations and the clinical characteristics and cognitive performance of patients.
| M ET HOD S

| Subjects
This study recruited 45 children diagnosed with BECTS from the Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, China. These clinical data were derived from our previously reported studies (Ji et al., 2016; Li et al., 2017; Zhu et al., 2015) . All 
| Neuropsychological assessment
General intelligence (IQ)-including verbal IQ, performance IQ, and fullscale IQ-was assessed using the Chinese version of the Wechsler Intelligence Scale for Children (WISCIII). All scores were standardized for age and sex.
| Data preprocessing
Functional images were preprocessed using Data Processing Assistant for Resting-State fMRI software (DPARSF, Advanced Edition, V3.2) (http://www.restfmri.net/forum/). The initial 10 volumes of each subject were discarded to ensure a steady-state longitudinal magnetization. Subsequently, we performed slice timing and motion correction for the remaining 230 frames. We required that the transient movement during the scanning was no more than 3 mm of translation and 38 of rotation. Some recent studies have shown that FC analysis is sensitive to gross head motion effects (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012; Van Dijk, Sabuncu, & Buckner, 2012) . Hence, the mean frame-wise displacement (FD) was calculated to further determine the comparability of head movement across groups. Individual 3D T1-weighted anatomical images were coregistered with functional images. The 3D T1-weighted images were segmented into gray matter, white matter, and cerebrospinal fluid (CSF). These functional images were then normalized to the Montreal Neurologic Institute (MNI) space. The normalized images were resliced at a resolution of 3 3 33 3 mm 3 and spatially smoothed with a 6 mm full-width at halfmaximum. Nuisance signals (i.e., 24 head motion parameters, averaged signals from CSF, white matter, and global signal) were regressed out using multiple linear regression analysis. Finally, functional images with linear trend were removed by temporal bandpass filtering (0.01-0.08 Hz).
| dFC variability analysis
Three previously validated putamen seeds were employed for each hemisphere (4 mm radius spheres) for dFC analysis. Putamen was divided into dorsal-caudal putamen (DCP), dorsal-rostral putamen (DRP), and ventral-rostral putamen (VRP). The coordinates of putamen seeds are provided in Supporting Information, Table S1 . To identify the dFC variability of the striato-cortical circuitry, we used a sliding window dFC approach in the DynamicBC toolbox (Liao et al., 2014a) . In the sliding window-based dFC analysis, window length is an open area of research and an important parameter. A "rule of thumb" is that the minimum window length should be no less than 1/f min , because short time segments would introduce spurious fluctuations. In this relation, We also tried other window lengths (30 TR and 70 TR) and shifting step (1 TR) to further examine the possible effects on dFC results. The entire resting-state fMRI scan for each subject was segmented into sliding windows of 50 TR (100 s) and shifted with a step size of 10 TR.
This step resulted in 19 windows in total. In each sliding window, we computed the temporal correlation coefficient between the truncated time course of the putamen seeds and those of all the other voxels.
Consequently, a set of sliding window correlation maps was created for each participant. A Fisher's r-to-z transformation was then applied to all the correlation maps to improve the normality of the correlation distribution (Liu et al., 2015) . The variance of the time series of the correlation coefficient was computed by calculating the standard deviation of z values at each voxel to assess the dFC variability.
| Statistical analysis
One-sample t tests were performed for within-group dFC variability patterns. The significance level was set at p < .05 (uncorrected), and an extent threshold of 5 contiguous voxels was applied. Furthermore, to examine the difference of dFC variability patterns among three groups, one-way ANOVA analysis was performed on the standard deviation in z values at each voxel. Given that BECTS is thought to be part of a spectrum of neurodevelopmental disorders (Gobbi, Boni, & Filippini, 2006 ) and the age range of the current subjects was relatively large (aged 6-13), the age effects were corrected by including them as confounding covariates. Gaussian random field (GRF) theory was used for cluster-level multiple comparisons correction (minimum z > 2.3; cluster 
| Clinical correlation analysis
We then further explored the potential relationship between dFC variability and disease characteristics and neuropsychological scores in BECTS. Secondary Pearson's correlation analyses between the dFC variability and clinical characteristics (disease duration, age at onset, and number of IEDs), and with the former and neuropsychological parameters (verbal IQ, performance IQ, and full-scale IQ) were conducted within the BECTS patients. The statistical significance level for the correlation analysis was set at p < .05 (uncorrected). 
| dFC variability results
The dFC variability patterns for each seed are shown in Figure 1 (onesample t tests, p < .05 uncorrected for visual inspection). Consistent with previous static FC studies (Di Martino et al., 2008 , 2011 was found in the control group and non-IED patients. It is interesting that we observed significant lower dFC variability between the dorsal rostral putamen and the SMG in the non-IED group, comparing to the control group and IED patients. In contrast to the higher variability in the dorsal-sensorimotor circuitry, the IED group showed decreased dFC variability between the ventral putamen seed and regions of the medial part of prefrontal cortex, CPL, and limbic insula/parahippocampus. No significant correlation between dFC variability and neuropsychological scores including verbal IQ, performance IQ, and full-scale IQ was found in the secondary correlation analyses.
| Verification analyses
To validate the current findings, the significant group differences of dFC variability were reanalyzed with different conditions (window length, shifting step, medication, and IED lateralization) to confirm the reproducibility (see detailed information in Supporting Information). In these verification analyses, the group differences in dFC variability remained similar to the main findings. Compared with the control group and non-IED patients, the IED group generally showed increased dFC variability between dorsal putamen seeds and sensorimotor areas. The IED group also presented decreased connectivity variability between ventral putamen seeds and cognitive regions (Supporting Information, Figures S2-S4 ).
| D ISC USSION
Using a seed-based dFC approach, the current study provides a unique investigation of the dynamics of striato-cortical circuitry associated with the presence of IEDs in BECTS. We observed dissociation in the dFC variability of striato-cortical interactions attributed to dorsal versus ventral putamen divisions. Importantly, these excessive variability and excessive stability patterns were found to be vulnerable to highly frequent IEDs. These differential functional alterations of striato-cortical circuitry in BECTS imply that the dorsal and ventral circuits distinctively contribute to dynamic network oscillatory interactions associated with IEDs. 
| 1211
Studies of human epilepsy have recognized the importance of the dynamic nature of spike-related functional networks for brain dysfunction and cognitive comorbidities (Bai et al., 2010; Liao et al., 2014b; Liu et al., 2017; Xiao et al., 2016) . The findings of fMRI studies have shown a complex transition of functional network topology, and dynamic changes of connectivity between the thalamus and the default mode network (DMN) in absence epilepsy and idiopathic generalized epilepsy (Bai et al., 2010; Gotman et al., 2005; Liao et al., 2014b) . A more recent study combining EEG and fMRI demonstrated that interictal centrotemporal spikes might directly disrupt the functional brain networks responsible for language, behavior, and cognition in children with typical rolandic epilepsy (Xiao et al., 2016) . The altered dFC variability of striato-cortical circuits in the IED patients support and extend previous proposals that epileptic activity dynamics cannot be viewed in isolation but should be perceived in the context of dynamic network interactions between cortical and subcortical structures.
Although the cortex is often emphasized as the site of seizure origin, emerging evidence points to a crucial role for subcortical In contrast to the excessive variability in the dorsal striatal-sensorimotor circuitry, decreased connectivity variability was observed between the ventral rostral putamen and brain regions involved in a diverse array of higher level cognitive functions. Functional studies of the human striatum have revealed that the rostral division of the putamen shows a greater connectivity with cognitive regions than that of the caudal division (Di Martino et al., 2008) . Consistent with the functional distribution of the putamen, the present findings of invariable connectivity in the ventral rostral circuitry suggest that the dynamics of striato-cortical interactions in children with BECTS are more vulnerable to IEDs. Specifically, the decreased dFC variability between the ventral rostral putamen and the medial prefrontal cortex, middle temporal gyrus, and cerebellum is in line with previously reported disturbances in the DMN in epilepsy literature (Jiang et al., 2017; Li et al., 2016) . The findings obtained from previous EEG and fMRI studies suggested that epileptic discharges might deactivate the default mode regions in both generalized (Blumenfeld et al., 2009 ) and focal epilepsy (Laufs et al., 2007) . Cognitive deficits in patients with absence seizures (Liao et al., 2014b) and temporal lobe epilepsy are also linked with significant deactivations in the DMN during interictal discharges (Laufs et al., 2007) . This confluence of evidence suggests that a "push-pull" mechanism (Danielson, Guo, & Blumenfeld, 2011 ) may participate in the suppression of DMN activity in these diverse seizure types. It is possible that, increased regional fluctuations in the epileptogenic zone by epileptic discharges may lead to decreased variability in the DMN through
compensatory mechanisms yet to be determined. The DMN constitutes a favorable baseline neurometabolic environment for selfrelated processes like mind wandering and retrieving autobiographical memories (Raichle et al., 2001; Spreng and Grady, 2010) , which has been implicated in several types of epilepsy (Blumenfeld et al., 2009; Laufs et al., 2007) . In this study, we demonstrated decreased dFC variability between the ventral rostral putamen and the regions belonging to the DMN in BECTS with IEDs, which we speculate may be associated with the disrupted self-referential mental activity during epileptic transients in patients. More interestingly, the decreased connectivity variability between the right ventral rostral putamen and the right insula/parahippocampus was found in patients with
IEDs. Previous epilepsy studies have suggested that the excitatory activity in epileptogenic zone is related to compensatory mechanisms of inhibitory effects in limbic network, especially in hippocampus and parahippocampal region (Bettus et al., 2009) . It has also been demonstrated that spontaneous seizure activity is associated with sprouting and enhanced remodeling of inhibitory hippocampal circuits (Palop et al., 2007) . We infer that this decreased dFC variability between ventral rostral putamen and insula/parahippocampus represents compensatory inhibitory mechanisms aiming at limiting network dysfunction in BECTS. Given that there was no significant behavioral difference between patients and controls, the pattern of invariable connectivity in the ventral striatal-cognitive loop is possibly due to neural adaptation or compensation mechanism that may prevent or postpone functional impairment and cognitive decline in patients.
Another unexpected finding was significant decreased dFC variability between the dorsal rostral putamen and the supramarginal gyrus in non-IED group. The supramarginal gyrus is part of the somatosensory association cortex, which has been implicated in language perception and processing (Celsis et al., 1999) . Growing evidence suggests that BECTS is associated with cognition abnormalities, specifically language and language dependent skills (Datta et al., 2013) . Given that there was no significant change in this area in IED group, the decreased dFC variability in non-IED patients may be the result of chronic epileptogenic processes. We may speculate that these of the other hemisphere in rolanidc epilepsy (Kellaway, 2000) , the side of the diagnosed foci may not be considered absolute and definitive.
Because we were interested here in investigating the dFC changes with the presence of transient IEDs during scanning, further longitudinal studies are required to assess the side of the spike on lateralized brain function changes. Third, it has been suggested that children with BECTS are usually associated with several cognitive comorbidities, particularly language dysfunction (Datta et al., 2013) , IQ may not be the most sensitive measure of cognition. Thus, multidimensional cognitive tests are needed in the future studies to assess cognitive functions of BECTS patients. Finally, head motion exerts a confounding effect on the resting-state FC. We conducted a series of procedures, such as applying motion-related data exclusion criteria and including motion regressors in the models, even so, the head motion effect could not be completely eliminated.
| C ONC LUSI ON S
In this study, we investigated the dynamics of striato-cortical cir- 
